Highlights d Autophagy promotes tumor-like stem cell niche occupancy d Autophagy-defective tumor-like stem cells attenuate the cell cycle d Regulators of growth influence tumor-like stem cell niche occupancy d Autophagy promotes the growth of bam mutant ovaries SUMMARY Adult stem cells usually reside in specialized niche microenvironments. Accumulating evidence indicates that competitive niche occupancy favors stem cells with oncogenic mutations, also known as tumor-like stem cells. However, the mechanisms that regulate tumor-like stem cell niche occupancy are largely unknown. Here, we use Drosophila ovarian germline stem cells as a model and use bam mutant cells as tumor-like stem cells. Interestingly, we find that autophagy is low in wild-type stem cells but elevated in bam mutant stem cells. Significantly, autophagy is required for niche occupancy by bam mutant stem cells. Although loss of either atg6 or Fip200 alone in stem cells does not impact their competitiveness, loss of these conserved regulators of autophagy decreases bam mutant stem cell niche occupancy. In addition, starvation enhances the competition of bam mutant stem cells for niche occupancy in an autophagydependent manner. Of note, loss of autophagy slows the cell cycle of bam mutant stem cells and does not influence stem cell death. In contrast to canonical epithelial cell competition, loss of regulators of tissue growth, either the insulin receptor or cyclin-dependent kinase 2 function, influences the competition of bam mutant stem cells for niche occupancy. Additionally, autophagy promotes the tumor-like growth of bam mutant ovaries. Autophagy is known to be induced in a wide variety of tumors. Therefore, these results suggest that specifically targeting autophagy in tumor-like stem cells has potential as a therapeutic strategy.
Correspondence eric.baehrecke@umassmed.edu
In Brief
Adult stem cells with oncogenic mutations compete for stem cell niche occupancy. Zhao et al. provide evidence indicating that autophagy and regulators of growth promote tumor-like stem cell niche occupancy. Autophagy is required for proper stem cell cycling and influences ovarian germline tumor-like growth.
INTRODUCTION
Adult stem cells usually exist in specialized microenvironments and dynamically compete with each other to occupy this niche [1] . Departure from the niche is typically associated with the initiation of cell differentiation. If stem cells in the same niche are equivalent, their competition is thought to follow a neutral drift pattern, which means individual stem cells can be stochastically replaced by their neighboring stem cells. This phenome-non has been observed in intestine stem cells [2] , cyst stem cells in testes [3] , and follicle stem cells in ovaries [4] of Drosophila, as well as epidermal progenitors [5] [6] [7] , intestine stem cells [8, 9] , and male germline stem cells [10] in mice. If a stem cell in the niche possesses a competitive advantage over neighboring stem cells, their competition would follow a biased drift pattern, resulting in a clonal expansion of the advantaged stem cell. Importantly, increasing evidence indicates that niche occupancy favors stem cells with oncogenic mutations (hereafter tumor-like stem cells), which is proposed to be important for tumor initiation [3, [11] [12] [13] [14] . However, why tumor-like stem cells are more competitive remains largely unknown.
Macroautophagy (hereafter autophagy) is a conserved catabolic process that delivers cargoes, such as damaged organelles and protein aggregates, to lysosomes for recycling [15] . Cytoplasmic cargoes are first delivered to autophagosomes, and the formation of these double-membrane vesicles depends on autophagy Atg proteins [16] . Autophagosomes then fuse with lysosomes to form autolysosomes where cargoes are degraded. Growing evidence indicates that autophagy can be stimulated by various metabolic stressors in the tumor microenvironment [17] . Although autophagy suppresses tumorigenesis in some cases, it usually functions to fuel tumor growth [18] . However, the role of autophagy in tumor-like stem cell competition remains unknown.
Drosophila ovarian germline stem cells are an ideal system to study stem cell competition for niche occupancy in vivo. Each fly ovary is composed of [16] [17] [18] [19] [20] ovarioles that individually produce eggs. The tip structure of each ovariole is called germarium, and two or three germline stem cells reside in the germarium tip that is well defined as a stem cell niche ( Figure 1A ) [19] . Because each niche only contains either two or three germline stem cells, stem cell competition can be studied at single-cell resolution. Additionally, each ovary contains 16-20 independent niches, enabling robust quantitative analyses. Last, but not least, the development of sophisticated genetic approaches has enabled this to become one of the best understood in vivo stem cell systems [20] .
Here, we use bam mutant germline stem cells as a tumor-like stem cell model for studying stem cell competition for niche occupancy. Interestingly, autophagy is low in wild-type stem cells but elevated in bam mutant stem cells. Importantly, autophagy and regulators of tissue growth promote the competition of bam mutant stem cells for niche occupancy. Autophagy is required for proper cell cycle of bam mutant stem cells and does not influence stem cell death.
RESULTS

Autophagy Promotes Niche Occupancy by bam Mutant Tumor-like Stem Cells
To compare the competition between genetically different stem cells in the same niche, we used the FLP/FRT system [21] to generate mosaic germline stem cells that are either labeled with GFP and serve as control stem cells or gene-specific mutant stem cells that are not labeled with GFP (GFP À ). Stem cell niches were divided into three types based on the composition of labeled (GFP + ) and unlabeled (GFP À ) stem cells: labeled niches that only contain labeled stem cells; mixed niches that contain both labeled and unlabeled stem cells; and unlabeled niches that only contain unlabeled stem cells ( Figures 1B-1G ).
Loss of either bag of marbles (bam), benign gonial cell neoplasm (bgcn), brain tumor (brat), Star (S), or stem cell tumor (stet) leads to an increase of germline stem-cell-like cells in the Drosophila ovary [22] [23] [24] [25] [26] . As previously reported, niche occupancy favors germline stem cells with bam mutations (Figures 1H and 1I) [11] , although it did not favor either brat, S, or stet mutant germ cells (Figures S1A-S1D). Significantly, the fractions of niches that contain bam mutant stem cells increased from 40% to 73% at 7 days and to 89% at 14 days ( Figure 1H ). In addition, the fraction of niches with only bam mutant stem cells was significantly increased at 14 days compared with unlabeled control stem cells ( Figure 1I ). An obvious difference between bam and either brat, S, or stet mutant cells is that bam mutant cells are homogeneous stem-cell-like cells and either brat, S, or stet mutant cells contain both stem-cell-like and differentiating germ cells (Figures S1E-S1H) [22, 26] . These results indicate that niche occupancy favors homogeneous tumor-like stem cells.
Autophagy can be stimulated by metabolic stress in the tumor microenvironment [17] . Therefore, we asked whether autophagy is altered in bam mutant cells using the mCherry-Atg8a reporter [27] . Control stem cells contained very few mCherry-Atg8a puncta (Figures 2A, 2B , and 2E), indicating that autophagy is low. However, mCherry-Atg8a puncta were increased in bam mutant stem cells ( Figures 2C-2E ). Consistent with these observations, transmission electron microscopy (TEM) analyses revealed that bam mutant stem cells contain significantly more autophagic structures than control stem cells ( Figures 2F-2J ).
We next sought to address whether autophagy influences niche occupancy by bam mutant stem cells. To block autophagy in bam mutant cells, we generated double mutants of bam with either atg6 or Fip200, both of which are conserved autophagy genes that are required for autophagosome formation [28, 29] . Loss of either atg6 or Fip200 alone in stem cells did not impact their competitiveness ( Figures S2A and S2B ), consistent with our data indicating that autophagy is low in normal control stem cells (Figures 2A, 2E , 2F, and 2J). Compared with control bam single-mutant cells, either atg6 bam or Fip200 bam double-mutant cells contained fewer mCherry-Atg8a autophagy reporter puncta ( Figures 3A-3C and 3G ). In addition, either atg6 bam or Fip200 bam double-mutant cells contained more Ref (2) P protein puncta than control bam single-mutant cells (Figures 3D-3F). Ref(2)P, Drosophila p62, aids in recruiting ubiquitinated substrates into autophagosomes for degradation, and its accumulation can reflect a decrease in autophagy [30] . Importantly, compared with control bam single-mutant cells, either atg6 bam or Fip200 bam double-mutant cells had significantly attenuated niche occupancy ( Figures 3H and 3I) . To exclude the possible effect of GFP expression on niche occupancy, we performed similar experiments using red fluorescent protein (RFP)-labeled cells and obtained similar results ( Figures S2C-S2J ). These data indicate that autophagy is required for niche occupancy by bam mutant stem cells.
Starvation induces autophagy in Drosophila female germline [31] . Therefore, we investigated whether nutrient deprivation influences bam mutant stem cell competition. Because robust germline stem cell loss took place when wild-type flies were starved for 14 days, we focused on starvation within 7 days, during which mild stem cell loss was observed (data not shown). Of note, starvation resulted in elevated mCherry-Atg8a puncta in bam mutant stem cells (compare Figure 4A To determine whether this enhanced competition depends on autophagy, we examined atg6 bam double-mutant cells. As in fed conditions, starved atg6 bam double-mutant cells contained very few mCherry-Atg8a puncta (compare Figure 4B with 3B; statistical data in Figure 4C ), further supporting that autophagy is blocked in double-mutant cells. Importantly, loss of atg6 inhibited the enhanced competition of bam mutant cells that was caused by starvation (compare 
Autophagy-Defective bam Mutant Stem Cells Attenuate the Cell Cycle
We next investigated how decreased autophagy suppresses niche occupancy by bam mutant stem cells. Previous reports indicated that the elevated niche occupancy by bam mutant stem cells is mediated by upregulation of the niche-stem cell adhesion factor E-cadherin [11, 32] . Surprisingly, we did not detect a significant difference in E-cadherin between either wildtype, bam single-, or atg bam double-mutant stem cells ( Figures  S4A-S4G ), indicating that niche occupancy decline by atg bam double-mutant cells is not caused by decreased E-cadherin.
Germline stem cells with increased Myc compete for niche occupancy by elevation of bone morphogenetic protein (BMP) signaling as detected by elevation of phosphorylated Mad [12] . We compared phosphorylated Mad in either neighboring . mCherry-Atg8a puncta were quantified in single confocal microscope focal planes of 20 germaria for each replicate, and three independent replicates were performed for each genotype. (D and E) Starvation influences niche occupancy by bam mutant tumor-like stem cells. 100 niches were quantified for each replicate, and three independent replicates were performed for each time point. (F and G) Starvation-induced niche occupancy by bam mutant tumor-like stem cells is autophagy dependent. 100 niches were quantified for each replicate, and three independent replicates were performed for each time point. In (C)-(G), data represent mean ± SD, and statistical significance was determined by a two-tailed Student's t test for two samples assuming unequal variances. See also Figure S3 . wild-type, bam single-, or atg bam double-mutant stem cells and detected no significant difference ( Figures S4H-S4N) . These data indicate that the autophagy and Bam-pathway-regulated stem cell competition does not work through BMP signaling.
Our data indicate that niche occupancy favors homogeneous tumor-like stem cells (Figures 1 and S1 ). Therefore, we investigated whether mutations in the autophagy pathway change the fate of bam single-mutant cells. Germline stem cells contain round-shaped organelles called spectrosomes, but when stem cells differentiate, they become branched structures called fusomes. atg bam double-mutant cells contained round-shaped spectrosomes ( Figure S5 ), indicating that they retain stem cell properties.
Autophagy often promotes cell survival [15] . Therefore, we examined whether atg bam double-mutant cells are prone to die using the TUNEL assay. Surprisingly, we did not observe any dying bam single-or atg bam double-mutant germ cells even at 14 days (n > 200 for each genotype), even though dying neighboring follicle cells were frequently detected ( Figures 5A-5F ).
Fast-dividing cells appear to outcompete slow-dividing cells during cell competition [33] , and slow division rates compromise stem cell competition [3, 11, 13] . Therefore, we compared the cell cycle of bam single-mutant cells with that of atg bam double-mutant cells by bromodeoxyuridine (BrdU) incorporation. Importantly, BrdU incorporation in atg bam double-mutant cells was about half of that of bam single-mutant cells ( Figures 5G-5J ; Table S1 ), indicating that autophagy defect attenuates the cell cycle of bam mutant stem cells. Further investigation of cell cycle phases using the Fly-FUCCI system [34] did not reveal significant differences between bam single-and atg bam double-mutant cells ( Figure S6 ). In addition, either atg6 bam or Fip200 bam double-mutant germ cell clones were smaller than bam singlemutant clones (Table S1), further supporting that decreased autophagy compromises cell division and possibly growth of bam mutant stem cells. By contrast, stem cells with single mutations in either atg6 or Fip200 exhibited similar niche competition ability as wild-type control stem cells ( Figures S2A and S2B ). It is also worth noting that atg6 and Fip200 mutant stem cells had similar BrdU incorporation rates to wild-type control stem cells (Table S2 ).
Regulators of Tissue Growth Influence Niche Occupancy by bam Mutant Stem Cells
Autophagy has been implicated in cell and tissue growth through association with the nutrient-sensing mTOR pathway [35] . Although cell growth and division rates are important factors that may contribute to cell competition [36] , the influence of these pathways on stem cell competition for niche occupancy is unclear. Although cells with lower insulin signaling grew more slowly, they were not eliminated by the surrounding faster-growing wild-type epithelial cells [37] . To determine whether this also occurs during bam mutant germline stem cell competition, we examined the influence of insulin and mTOR signaling by generating double mutants of bam and insulin-like receptor (inr), because inr functions as an upstream activator of mTOR [38] . BrdU incorporation was significantly decreased in inr bam double-mutant cells compared to control bam single-mutant cells (Figures 6A-6C ; Table S1 ), indicating that reduced insulin signaling attenuates the cell cycle of bam mutant (J) Quantification of BrdU incorporation in homozygous bam D86 , atg6 D1 bam D86 , and Fip200 3F5 bam D86 mutant cells. The mutant germ cells in single confocal microscope focal plane of 30 germaria were quantified for each replicate, and three independent replicates were performed for each genotype. Data represent mean ± SD, and statistical significance was determined by a two-tailed Student's t test for two samples assuming unequal variances. See also Figures S4, S5, and S6 and Tables S1 and S2. cells. Importantly, compared with control bam single-mutant cells, inr bam double-mutant cells had significantly attenuated stem cell niche occupancy ( Figures 6D and 6E ). It should be noted that atg mutants have a stronger suppression of niche occupancy by bam mutant stem cells than inr mutants (compared Figures 6D, 6E , and S7 with 3H and 3I).
To further interrogate the influence of regulators of tissue growth on niche occupancy by bam mutant stem cells, we generated double mutants of bam and cyclin-dependent kinase 2 (cdk2) that encodes a key G1-S cell cycle regulator. Significantly fewer cdk2 bam double-mutant cells were present in the stem cell niche than bam single-mutant cells ( Figures  6F-6I) .
Autophagy Promotes the Growth of bam Mutant Ovaries
Given the relationship between regulators of tissue growth and tumor-like stem cell niche occupancy, we asked whether autophagy influences the growth of bam mutant ovaries. The ovariole area that is visibly largest in single confocal microscope focal plane was used to analyze the impact of autophagy on bam mutant tissue size. Either atg7 bam or Fip200 bam doublemutant ovarioles were smaller than control bam mutant ovarioles with a monoallelic loss of either atg7 or Fip200 (Figures 7A-7D  and 7G ). In addition, we used RNAi to knock down genes specifically in germline. Compared with control GFP bam double-knockdown ovarioles, atg1 bam double-knockdown ovarioles were smaller ( Figures 7E-7G ). Importantly, atg mutations alone had no impact on ovariole growth and development (data not shown). Thus, these data indicate that autophagy promotes the growth of bam mutant ovaries.
DISCUSSION
Here, we use Drosophila ovarian germline stem cells to study stem cell competition for niche occupancy. Significantly, we find that autophagy promotes niche occupancy by bam mutant stem cells. Autophagy is required for proper cell cycle of bam mutant cells, and regulators of growth influence bam mutant stem cell niche occupancy.
Previous reports indicate that autophagy is required for stem cell maintenance, proper differentiation, and homeostasis in different stem cell systems [39, 40] . By contrast, our data indicate that loss of autophagy does not have a negative impact on Drosophila ovarian germline stem cells ( Figures S2A and  S2B; data not shown), consistent with our data indicating that autophagy is low in normal wild-type stem cells (Figure 2) . Drosophila ovarian germline stem cells are the largest cells in germaria [11] , and they have a high metabolic rate that is associated with the activation of BMP signaling [41, 42] , the expression of Myc that is a key regulator of cell growth and ribosome The mutant germ cells in single confocal microscope focal plane of 30 germaria were quantified for each replicate, and three independent replicates were performed for each genotype. (D and E) Fewer inr bam double-mutant cells are present in the stem cell niche than bam singlemutant cells. 100 niches were quantified for each replicate, and three independent replicates were performed for each time point. (F and G) bam (F) single-mutant clones are bigger than cdk2 bam (G) double-mutant clones. bam D86 and cdk2 3 bam D86 mutant clones (GFP À cells outlined by white dotted lines) were analyzed at 7 days after the last heat shock. Both bam D86 and cdk2 3 are null alleles. Images are the same magnification. (H and I) Fewer cdk2 bam double-mutant cells are present in the stem cell niche than bam singlemutant cells. 100 niches were quantified for each replicate, and three independent replicates were performed for each time point. In (C), (D), (E), (H), and (I), data represent mean ± SD, and statistical significance was determined by a two-tailed Student's t test for two samples assuming unequal variances. See also Figure S7 and Tables S1 and S2. biogenesis [12] , and a high level of rRNA transcription [43] . Therefore, the catabolic autophagy pathway may be dispensable in Drosophila ovarian germline stem cells under normal conditions.
Stem cell renewal is dependent on cell growth and division that is typically regulated by mTOR [38, 44] . In most cell contexts, autophagy is inhibited when mTOR-dependent cell growth is activated. Therefore, it is logical that autophagy levels are low in normal stem cells that are not stressed. By contrast, transformed cells, such as those with activated Ras, have been reported to possess elevated autophagy [45] . Therefore, it seems reasonable that, like Ras transformed cells, bam mutant stem cells may depend on autophagy for cell division and ovarian growth. Interestingly, autophagy is required for the proliferation of fast-dividing germline progenitor cells in the C. elegans larval gonad [46] . It is not clear why autophagy may be compatible with and required for tumor-like germline stem cell growth and division. One possibility is that autophagy is functioning to reduce cell stress associated with increased metabolic rate, protein, and organelle damage, but if this were the case, this would likely be reflected in increased cell death. Because we did not observe an increase in cell death, an alternative explanation is that autophagy is promoting bioenergetic homeostasis that is needed in tumor-like cells.
Unlike previous studies of epithelial cell competition [36] , our data indicate that loss of regulators of tissue growth, either the insulin receptor or cyclin-dependent kinase 2 function, influence the competition of tumor-like stem cells for niche occupancy ( Figure 6 ; Table S1 ). Stem cells possess properties that distinguish them from epithelial cells in the context of cell competition. First, adult stem cells are usually quiescent, while epithelial cell competition often takes place in fastgrowing tissues. Second, stem cells compete for niche occupancy and there are no known specialized niches in epithelial cell competition systems. Third, loser stem cells are displaced from the niche and do not die [11, 12] , while loser epithelial cells die, enabling winners to expand during epithelial cell competition [33] . In addition, tumor-like stem cells appear to divide faster than normal adult stem cells. These differences probably make tumor-like stem cells more sensitive to regulators of growth than epithelial cells during competition.
Autophagy can either promote or suppress tumor growth, depending on cell and tissue context [18, 47, 48] . Similar phenomena were also observed in different Drosophila tumor-like overgrowth models, where autophagy either enhanced or suppressed epithelial overgrowth phenotypes, depending on the oncogenic stimulus [49] . Our results indicate that autophagy promotes Drosophila ovarian germline tumor-like growth (Figure 7) . Significantly, autophagy promotes niche occupancy by bam mutant tumor-like stem cells (Figures 3, 4 , S2, and S3). Of note, our data indicate that the super-competition of bam mutant stem cells largely depends on their proliferative potential (Figures 5 and 6 ; Table S1 ). In addition, our data contradict the current model that the niche stem cell adhesion factor E-cadherin plays a vital role [11, 32] , as we did not observe a significant difference in E-cadherin between wild-type and bam mutant stem cells ( Figures S4A-S4G ). Furthermore, bam mutant stem cells that are out of the niche do not possess an E-cadherin connection with niche cap cells, but they are still more competitive than wild-type stem cells for niche occupancy ( Figure 1H ) [11] , further challenging the current model that emphasizes a critical role of E-cadherin. In addition, although the super-competition of tumor-like stem cells for niche occupancy is proposed to be important for tumor initiation [3, [12] [13] [14] , it still cannot be excluded that autophagy also contributes to tumor progression in our tumor model system. Importantly, our studies indicate that specifically targeting autophagy in tumor-like stem cells could have potential for cancer therapy.
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